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Abstract 
The hybrid field-network simulation is proposed to solve the longitudinal control of smoke in an Urban Traffic Link Tunnel 
(UTLT). The topological structure of the flow distribution system of a typical UTLT and the coupling algorithm of field-network 
simulations are proposed. In case of longitudinal control of fire-induced smoke flow, the field-network simulation allows for full 
coupling of the regions of special interest (e.g., regions around fire and mechanical ventilators) and the whole UTLT domain.  
The hybrid field-network simulation provides both details of flow behavior of the key regions and bulk flow velocities of the rest 
of the system. This coupling methodology has low computational cost compared with full Computational Fluid Dynamics (CFD) 
model but provide enough accuracy. Longitudinal smoke control of UTLTs is demonstrated to be feasible using the hybrid field-
network simulation. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
With the development of urbanization, traffic congestion becomes a serious problem in most urban areas. Urban 
Traffic Link Tunnel (UTLT) is a new type of underground transportation system, which usually consists of a ring-
shaped main tunnel and several link tunnels [1−2]. Fig. 1 shows a plan of a typical UTLT. The link tunnels play a 
role in the connection of the surface and underground transport, and thus UTLT can reduce the workload of ground 
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traffic effectively. Therefore, it becomes more and more popular in domestic large cities in recent years [1−2]. 
UTLT is usually located in urban districts with high occupant density; consequently it would have high fire risk.  
The smoke control of UTLT is much more complicated as compared to that of a single road tunnel, because the 
smoke flow generated in the fire areas could propagate to the adjacent tunnels. The smoke control of UTLT has 
becomes a research topic of special interest [1−3]. Transverse smoke control systems are applicable to common road 
tunnels and UTLTs as well [1, 4−5]. In case of transverse smoke control, the fire-induced smoke is confined in a 
zone close to the fire and then extracted through exhaust vents located at the tunnel ceiling. The main advantage of 
transverse smoke control is that the smoke flow can only spread a short distance and thus people can evacuate in 
both tunnel directions. Transverse smoke control is required for bi-directional long tunnels. However, the 
construction cost of transverse smoke control system is much larger than that of longitudinal ventilation system. 
Longitudinal ventilation is also a widely-used smoke control strategy for underground tunnels [6−8]. It is noticeable 
that many UTLTs have one-directional traffic routines (e.g., the UTLT shown in Fig. 1) and both the main and link 
tunnels are not very long. In these circumstances, an appropriate mode of longitudinal ventilation could be effective 
in smoke control. The longitudinal ventilation devices (e.g., jet fans and shafts) can also be used for normal 
ventilation. Therefore, the style of longitudinal smoke control is cost-effective.  
It is noticeable that there could be difficulties to overcome when designing a longitudinal smoke control system 
for an UTLT. To avoid the conflicts between human evacuation and longitudinal smoke discharge, the direction of 
smoke discharge is required to be consistent with that of traffic flow. The routine of smoke flow is unique in a single 
road tunnel; however, the smoke flow could have multiple routines in an UTLT system. This is because that there 
could be more than one tunnel connecting to the fire region. Both the flow routine and flow rate depend on not only 
the pressure rise of ventilation devices, but also the resistance of the whole ventilation network. To design a reliable 
and efficient longitudinal smoke control system for an UTLT, it is necessary to take the interdependency between 
the aerodynamic parameters of different tunnels into account. Although Computational fluid dynamics (CFD) is 
useful to obtaining the detailed flow information for a complex structure, the computational cost may become very 
large for a big UTLT. Network simulation has been used for complex ventilation networks [9]. The resistance 
coefficients of branches are specified in a network simulation. However, there are big velocity gradients in the zones 
close to the fire or ventilation devices. It is difficult to get resistance coefficients accurately for these zones using 
empirical formulas. Furthermore, network simulation cannot provide detailed information of near-fire regions for the 
engineers.  
 

Fig. 1. Plan of an underground traffic link tunnel. 
588   Du Tao et al. /  Procedia Engineering  84 ( 2014 )  586 – 594 
In this paper, some optimal modes of longitudinal ventilation are proposed for smoke control of UTLTs. The 
hybrid field-network simulation is recommended as a design method for the longitudinal ventilation system of 
UTLTs. Although hybrid field-network simulation has been used in building ventilation and smoke control in the 
past years, the interfaces between the field-simulation zone and the network-simulation zone of an UTLT structure 
become more complex. The main loop, which is typically an essential component of an UTLT, proposes more strict 
requirements for the global convergence of filed-network simulation. This paper proposes a coupling algorithm of 
hybrid field-network simulation for UTLTs. A case study is carried out to demonstrate the validity of this method 
and its advantages for aided design of longitudinal smoke control. 
2. Modes of longitudinal smoke control in UTLTs 
If the tunnels of an UTLT structure are not very long, it is unnecessary to use shafts for smoke exhaust. 
According to the principles of longitudinal control of smoke, the direction of smoke propagation is required to be in 
accordance with that of traffic flow. Therefore, the fire-induced smoke is recommended to discharge toward the 
nearby tunnel exit (as shown in Fig. 2). The mechanical ventilation system should be activated to prevent smoke 
propagating toward other routines.  
 
 
Fig. 2. Schematic diagram of smoke discharge through the nearby tunnel exit. 
If there is a long ring-shaped main tunnel, shafts can be used to assist longitudinal control of smoke flow (as 
shown in Fig. 3). Mechanical fans are activated to push the fire-induced smoke toward the shaft and then exhaust 
smoke through the shaft nearest from the fire source. The longitudinal airflow of an UTLT is dependent on the 
combination of fire-induced flows, the mechanical fans and the detailed layout of the UTLT structure.  
 
 
 Fig. 3. Schematic diagram of smoke discharge through the shaft of main tunnel. 
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3. Theoretical basis of hybrid field-network simulation 
3.1. Field simulation 
Field simulation is also called as CFD, which is applicable to the zones which have large velocity or temperature 
gradients (e.g., zones close to the fire or ventilation devices). Another benefit of field simulation is that it can 
provide accurate information on flow resistance for the field-network simulation.  
The fire-induced flows in a tunnel are characterized as a turbulent regime, and typically the standard -N H
turbulence model is applicable to modeling the turbulent flows of a tunnel fire. To compute the flow resistance 
accurately, wall functions are used and the first grid point is located in the fluid region characterized by
30 300y  .  
The fire is modeled as a volumetric heat source, which has the ability to reproduce the overall behavior of fire-
induced flows but needs low computational cost. The fire heat release rate is introduced in the field-simulation zone 
as a slab releasing hot gases from the top surface and extracting air from the side surfaces (as shown in Fig. 4). 
Through this method, mass conservation is maintained within the field-simulation zone and thus computational 
convergence is accelerated. The amount of gases released from the heat source is correlated with the convective part 
of heat release rate: 
( )p amb
g
g
Q
c T T
m                                                                                 (1)
where Q  is the convective part of heat release rate, and the gas temperature gT  above the fire is specified as 1200 K 
in this study [10]. 
The jet fans are simulated as a cylindrical region with a constant pressure jump along the longitudinal direction of 
the tunnel. This method maintains mass conversation and is in accordance with the representation of jet fans of 
network simulation as well. 
 

Fig. 4. The schematic of fire source. 
3.2. Network simulation 
Network simulation has the capability to capture the overall mean flow parameters (e.g., overall mean velocity 
and pressure) of the regions with approximately one-dimensional flow regime. In this paper, it is applied to the zones 
far away from the fire and jet fans. The topological structure of the flow distribution system can be described by 
graph theory [11], which includes two typical concepts, node and branch. Both the main tunnel and link tunnels are 
characterized as branches and a node is the intersection point of different branches. A branch is characterized by 
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roughness, mass flow rate and overall mean velocity and a node is characterized by pressure. The topological 
representation of a typical UTLT is shown in Fig. 5, which includes a main loop and eight branches. Virtual 
branches are represented as dotted lines, which are used to connect different tunnel-inlet nodes. The volumetric flow 
rates of tunnel inlets are equal to those of virtual branches.  
 
 
Fig. 5. Topological representation of the ventilation system of an underground traffic link tunnel. 
The mathematical formulation of network simulation is based on the Bernoulli equation: 
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where  ip and  i+1p  are the pressure of nodes i and i+1ˈ iv  and 1iv   are the overall mean velocity of nodes i and i+1ˈ
iz  and 1iz   are the height of nodes i and i+1ˈ jU  is the overall mean fluid density of the branch between nodes i 
and i+1, and ,fan jp'  and lossp'  are the pressure rise induced by ventilators and pressure drop caused by flow 
resistance, respectively.  
The pressure balance equation for the main loop is represented as 
,( ) 0loss fan j
j
p p' '  ¦  (3) 
The frictional resistance coefficient is [12]: 
  2
1
=
1.1138 2log D
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                           (4) 
where ' is the wall roughness and is set to 2.5mm in this paper, D  is the equivalent diameter of the cross-section 
of branch.
The coefficients of local resistance in the regions close to the fire and jet fans are directly computed from field 
simulation. The local resistance coefficient caused by a blending tunnel is given as [12] 
3.5 0.5=(0.131+0.1632 ( ) )( )
90
D
r
T] qu                                                                      (5) 
where r is the curvature radius of the blending tunnel,and T  is the blending angle of tunnel
The mass balance equation of a node is   
j i
j
Q q ¦                        (6) 
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where jQ is the volumetric flow rate of the jth branch connected to the ith node, and iq is net volumetric flow rate 
of the ith node. Negative flows refer to flows directed from the node to the branch and vice versa.  
 
 
Fig. 6. The exchange of information between network-simulation zone and field-simulation zone. 

Fig. 7. Branch volume flow rate and pressure drop in network simulation zone. 
3.3. Coupling algorithm of field-network simulation for an UTLT 
The coupling algorithm is based on the exchange of information at the field-network interfaces, as shown in Fig. 
6. Only the steady state problem is considered in this paper. The flow information obtained from field simulation is 
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used as the boundary condition of network simulation and vice versa. To achieve global convergence, typically more 
than one operation is required. The complete sequence of coupling operations is described hereafter: 
x Step 1: run the network simulation for the whole UTLT system until convergence is reached; the overall mean 
flow parameters at the field-network interfaces are recorded; 
x Step 2: run the steady CFD model for the near-fire regions and regions close to the jet fans until convergence is 
reached; the total pressures computed from the network simulation are used as the boundary conditions of both 
interfaces and tunnel inlets; the boundary condition of tunnel outlet is specified as pressure outlet; the volumetric 
flow rates of interfaces obtained from CFD model are recorded as the boundary conditions for the next round of 
network simulation;  the volumetric flow rates at the interfaces are calculated by  
inter
A
Q u dA ³                                                                                   (7) 
where A is the area of interface and u  is the local velocity vector at the interfaces. 
x Step 3: run the network simulation for the far-fields (i.e., excluding the regions simulated by CFD) until 
convergence is reached; the volumetric flow rate calculated by Eq.(7) is used as the boundary condition of 
network simulation; 
x Step 4: run the steady CFD model for the near-fire regions and regions close to the jet fans until convergence is 
reached; the total pressures obtained from Step 3 are used as the boundary conditions of CFD model;  
x Step 5: Repeat network simulation of the far-fields and record the total pressures of field-network interfaces; if 
the relative difference between the total pressures obtained from Step 5 and those of Step 3 is smaller than a 
tolerant value, global convergence is reached and the field-simulation is completed; otherwise, continue Step 3-5 
until global convergence is reached.    
4. Case study 
Both the layout of the UTLT and the traffic directions have been shown in Fig. 1. The tunnels are 8 m in width 
and 4.35 m in height. The longest branch is 125.2 m. A fire with a total heat release rate of 8 MW occurs in Branch 
E2 (the labels of both branches and nodes are shown in Fig. 5). According to the data provided by World Road 
Association PIARC, an 8-MW fire corresponds to the one induced by two or three contiguous burning cars [13]. The 
convective part of heat release rate is about 5.33 MW, which occupy a proportion of 2/3 of the total heat release rate. 
Branch E2 is a curved tunnel and is also a part of ring-shaped main tunnel. Consequently, it has relatively higher fire 
risk as compared to other tunnels. Longitudinal smoke control is suitable for the one-directional traffic tunnels. Jet 
fans are used to push the fire-induced smoke to the tunnel outlet through Branch E16. Evacuation of passengers is 
then possible in the tunnels where smoke propagation is avoided. It is noticeable that this smoke control strategy is 
effective only if (1) the critical velocity (i.e., the minimal velocity required to prevent the backlayering) is achieved 
in Branch E2 and (2) there is no smoke propagation in Branch E15.  
Based on the field-network simulation methodology, different combinations of jet fans are tested. An effective 
mode is installing a jet fan with thrust of 1000 N, discharge velocity of 33 m/s and an outlet diameter of 1 m on 
Branches E1, E3, E15 and E16, respectively. The discharge directions of jets fans are shown in Fig. 5. The field-
simulation zone is shown in Fig. 6, which includes the jets fans and fire source. The rest part of the UTLT is the 
network-simulation zone. Fig. 7 shows the distributions of pressure and volumetric flow rate in the network-
simulation zone when global convergence is reached. Fig. 8 shows the velocity vectors of the height of 1.8 m in the 
field-simulation zone. It is shown that critical velocity is reached in Branch E2 and thus backlayering is prevented. 
Furthermore, the air streams induced by the jet fan of Branch 15 generally flow toward the tunnel outlet. Fig. 9 
shows the temperature contours of the height of 1.8 m in the field-simulation zone. Although there is a small amount 
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of smoke penetrating in Branch 15, the temperature is lower than 60 ć . This indicates that the longitudinal 
ventilation strategy is effective in smoke control of the UTLT. 
     
Fig. 8. Velocity vector of 1.8-m height in field simulation zone.       Fig. 9. Temperature contour of 1.8-m height in field simulation zone. 
5. Conclusions 
This paper discusses the feasibility and advantages of longitudinal control of smoke flow in UTLTs. The 
longitudinal airflow within an UTLT is dependent on the combination of fire-induced flows, the mechanical fans and 
the construction layout. Because of the multiple airflow paths in an UTLT, the classical concept of “critical velocity” 
would not be enough to design the ventilation system. Hybrid filed-network simulation methodology is used to 
compute the flow distribution of UTLT in this paper, through which both the volumetric flow rate and pressure of 
each tunnel can be obtained and thus an appropriate longitudinal ventilation system is determined.  
Hybrid filed-network simulation adopts different levels of complexity in representation of the system. Regions of 
interest or with large flow gradients are descried using CFD models, while the rest part is described using one-
dimensional model. The field-simulation and network-simulation zones provide information for each other through 
the interfaces. This coupling methodology has low computational cost compared with full CFD model but provide 
enough accuracy for engineering purpose.  
It is demonstrated that the longitudinal smoke control is effective and helps to create safe evacuation routines for 
people. The hybrid filed-network simulation can also be applicable to other types of complex building which can be 
characterized by a network-type ventilation system.  
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